Variability of the Pacific decadal oscillation (PDO), on both interannual and decadal timescales, is well modeled as the sum of direct forcing by El Niño-Southern Oscillation (ENSO), the ''reemergence'' of North Pacific sea surface temperature anomalies in subsequent winters, and white noise atmospheric forcing. This simple model may be taken as a null hypothesis for the PDO, and may also be relevant for other climate integrators that have been previously related to the PDO.
Introduction

Studies of sea surface temperatures (SST) in the North
Pacific have focused on the Pacific decadal oscillation (PDO) as the leading mode of variability, particularly on decadal timescales (Mantua et al. 1997) . There is considerable uncertainty, however, about whether the PDO is truly independent of the leading mode of tropical variability, El Niño-Southern Oscillation (ENSO; Zhang et al. 1997; Evans et al. 2001) . On the one hand, simultaneous correlations of the November-March mean PDO index with various indices of ENSO are low (Mantua et al. 1997 ). In addition, the spatial patterns of SST variability in the Pacific on interannual and decadal timescales are different; interannual variability of SST exhibits the pronounced ENSO maximum in the tropical east Pacific and a weaker center of opposite sign in the North Pacific, while on decadal timescales the relative strength of these centers is reversed so that the amplitude of the tropical maximum is about 75% that of the North Pacific center .
On the other hand, weak simultaneous correlation between ENSO and the PDO may be misleading. Anomalous tropical convection induced by ENSO influences global atmospheric circulation and hence alters surface fluxes over the North Pacific, forcing SST anomalies that peak a few months after the ENSO maximum in tropical east Pacific SSTs (Trenberth and Hurrell 1994; Alexander et al. 2002) . This ''atmospheric bridge'' explains as much as half of the variance of January-March seasonal mean anomalies of SST in the central North Pacific (Alexander et al. 2002) . Furthermore, North Pacific SSTs have a multiyear memory during the cold season. Deep oceanic mixed layer temperature anomalies from one winter become decoupled from the surface during summer and then ''reemerge'' through entrainment into the mixed layer as it deepens the following winter (Alexander et al. 1999) . Thus, over the course of years, at least during winter and spring, the North Pacific integrates the effects of ENSO.
The prevailing null hypothesis of midlatitude SST variability posits that the ocean integrates forcing by unpredictable and unrelated weather, approximated as white noise, resulting in ''reddened'' noise with increased power at low frequencies and decreased power at high frequencies (e.g., Frankignoul and Hasselmann 1977) . In this paper, we propose an expanded null hypothesis for the PDO: variability in North Pacific SST on seasonal to decadal timescales results not only from red noise but also from reddening of the ENSO signal.
Data and results
The analysis described in this paper is based on simple indices of SST and atmospheric variability for the years 1900-2001. SSTs are from the Hadley Sea Ice and Sea Surface Temperature analysis (Rayner et al. 2003) for the years 1900-99 and from the National Oceanic and Atmospheric Administration (NOAA) reconstructed SST (Smith et al. 1996) The PDO index is determined by projecting SST on the leading EOF of monthly SST in the Pacific north of 20ЊN (Mantua et al. 1997) . The ENSO index is determined by projecting SST on the leading EOF of monthly SST in the region 20ЊN-20ЊS, 120ЊE-60ЊW; similar results are obtained with other ENSO indices. Atmospheric variability is represented by the North Pacific index (NPI; Trenberth and Hurrell 1994) , an average of sea level pressure (SLP) in the region 30Њ-65ЊN, 160ЊE-140ЊW. The NPI measures the strength of the Aleutian low during the Northern Hemisphere cold season, and it encompasses the area of maximum SLP variance in the North Pacific for all months. All indices are departures from the annual cycle, subjected to a three-month running mean, detrended over the 102-yr record, and normalized to have unit variance. Prior to 1950, the general paucity of data may make month-tomonth variation of the SST indices unreliable. Thus, the seasonal cycle of correlation is only calculated for the 1950-2001 period, while all other analyses, which focus on timescales of 1 yr and greater, use the entire record. Detrending the 1950-2001 period (not shown) somewhat reduces the autocorrelation of the PDO and its power for periods greater than 20 yr but does not notably impact the ENSO-PDO relationship (see also Livezey and Smith 1999) .
Pronounced seasonality of the PDO is seen in its annual cycle of lag autocorrelation (Fig. 1a) , with a maximum in late winter/early spring (indicated by the black diagonal dashed lines) and a minimum in summer and fall. The correlation between March of year 0 and March of year 2 (i.e., March ϩ lag 24) is 0.39, whereas between July of year 0 and July of year 2 it is 0.19; the correlation from one November to any November is near zero. Thus, for lags greater than a year the PDO persists from winter to winter but does not persist (at least at the surface) through the summer in between, consistent with reemergence (e.g., Deser et al. 2003) .
The PDO is often associated with the NPI, but the persistence of North Pacific SST anomalies is only weakly reflected in the atmosphere. The NPI has year-to-year correlation (Fig. 1b) that is near zero (r ϭ 0.05) in winter and reaches a maximum in spring of only 0.25, which is just over the 90% significance level. Moreover, during winter the NPI leads the PDO not only on monthly timescales, but also on annual timescales (Fig. 1c) ; in January, the amplitude of the NPI-PDO correlation for a 1-yr interval is 0.32 when the atmosphere leads the ocean but is 0.13 when the ocean leads the atmosphere.
ENSO also leads the PDO index by a few months throughout the year (Fig. 1d) , most notably in winter and summer. Simultaneous correlation is lowest in November-March, consistent with Mantua et al. (1997) . The lag of maximum correlation ranges from two months in summer (r ϳ 0.7) to as much as five months by late winter (r ϳ 0.6). During winter and spring, ENSO leads the PDO for well over a year, consistent with reemergence of prior ENSO-forced PDO anomalies. Summer PDO appears to lead ENSO the following winter, but this could be an artifact of the strong persistence of ENSO from summer to winter (r ϭ 0.8), combined with ENSO forcing of the PDO in both summer and winter. Note also that for intervals less than 1 yr the lag autocorrelation of the PDO is low when the lag autocorrelation of ENSO (not shown) is also low, through the so-called spring persistence barrier (Torrence and Webster 1998).
The relationship between ENSO and the PDO extends to longer timescales. Wavelet analysis (Torrence and Compo 1998) shows that variations of spectral power as a function of both time and period are similar for each index (Fig. 2) . Significantly, the two power spectra are almost always highly coherent (Torrence and Webster 1999) when the PDO has high power. Coherence (hatching) does not imply similar amplitude, however. The PDO is much redder than ENSO, so at short (long) periods the coherent ENSO signal tends to be stronger (weaker) than the PDO. Overall, about (54%, 32%, 30%) of the variance of (PDO, ENSO, NPI) seasonal means (respectively) is at periods of 10 yr and greater.
Using the wavelet analysis as a filter, we find a high (0.71) correlation between the PDO and ENSO in the 4-9-yr band. Retaining only periods longer than 10 yr results in a correlation of 0.61; as this cutoff is increased the correlation between the two indices also increases, reaching 0.98 when retaining periods greater than 40 yr.
The wavelet results suggest that the North Pacific acts to redden not only atmospheric noise, as in the standard null hypothesis, but also the ENSO signal, an effect that should be included in the ''background'' power spectrum before purely extratropical modes of decadal variability can be identified. Despite strong seasonality of the PDO-ENSO relationship, both Fig. 1 and mixed layer dynamics (Deser et al. 2003) suggest that a very simple model of this reddening behavior can be written for annual (July-June) averaged anomalies, as
where P is the model PDO index, E is the (observed) ENSO index, n is time (in years), and is uncorrelated (and unpredictable) noise. Recall ͗ ͘ ϭ ͗ ͘ ϭ 1,
where brackets represent a time or ensemble mean. Parameters ␣ ϭ 0.58 and ␤ ϭ 0.58 are obtained from observations by regressing the PDO against ENSO, removing the ENSO term, and then regressing the residual against the previous year's PDO. Note that ␣ is on the upper end of the range derived from a mixed layer model of North Pacific reemergence (Deser et al. 2003) .
That (1) is a better simple model of PDO variability than a first-order autoregressive (AR1) model can be seen by making forecasts P n ϭ ␣P nϪ1 ϩ ␤E n . The forecasts were cross validated by removing 10 yr from the data, computing ␣ and ␤ from the remaining data, using this ␣ and ␤ to make forecasts for the missing years, and so on. This produced values of ␣ and ␤ that varied by no more than Ϯ5%. (Similar skill was also obtained by splitting the data in half.) Forecast and observed PDO (shown in Fig. 3a) are correlated at 0.74. This skill is significantly better (at the 95% level) than either an AR1 model or using just ␤E n to forecast the PDO, which yielded cross-validated correlation skills of 0.53 and 0.57, respectively. In addition, the rms forecast error using P n is about 20% less than for these other models.
Using (1), 1000 realizations of 100-yr-long time series are generated. The observed PDO and ENSO spectra and the ensemble mean of the model spectra, determined using the Thomson multitaper method, are shown in Fig. 3b . The ensemble mean model PDO is much redder than ENSO, since the expected power spectrum
T 2 1 Ϫ 2␣ cos(2/T ) ϩ ␣ where E T is the Fourier transform of E n , T is the Fourier transform of n , and T is the period in years. For ␣ ϭ 0.58, the denominator of (2) is less than 1 for T Ͼ 5 yr. Thus, the PDO response to ENSO forcing is amplified for decadal timescales. The observed PDO is not only redder than ENSO, it is redder than the model ensemble mean ͗P T 2 ͘. This could represent independent extratropical decadal variability; alternatively, a two-index model certainly oversimplifies tropical-extratropical interaction. Note, however, that the observed spectrum is well within the 95% confidence interval of (1), showing that the short data record implies considerable uncertainty regarding the ''true'' underlying spectrum, particularly for periods greater than 10 yr. The reddening effect of (2) also increases the spread of this uncertainty at long periods. Moreover, many individual model spectra also have higher power than ͗P T 2 ͘ on long (Ͼ20 yr) periods and less power on intermediate (10-20 yr) periods, as is shown in an average of a large subset (20%) of model spectra (Fig. 3) .
Conclusions
The PDO is dependent upon ENSO on all timescales. To first order, the PDO can be considered the reddened response to both atmospheric noise and ENSO, resulting in more decadal variability than either. This null hypothesis needs to be considered when diagnosing and modeling ''internal'' decadal variability in the North Pacific. For example, the observed spatial pattern of Pacific SST decadal variability, with relatively higher amplitude in the extratropics than in the Tropics, should be at least partly a consequence of a reddened ENSO response.
It has been suggested that decadal variability in the North Pacific may be more prominent during summer than during winter (e.g., Zhang et al. 1998) . Our results suggest just the opposite: the PDO has little multiyear persistence during summer, so decadal variability of North Pacific SST is largely a winter/spring phenomenon. The confusion occurs because there is some correlation of the PDO between consecutive summers, but this is likely a consequence of the annual cycle of ENSO and the strong ENSO-PDO relationship that exists in both summer and winter (Fig. 1d) ; that is, a growing ENSO forces the PDO in summer, the subsequent mature phase of ENSO forces the PDO the following winter/spring, and this North Pacific SST anomaly then persists into the early part of the following summer. Figure 1 also shows that correlating atmospheric variables of interest to the PDO index to determine variability possibly ''caused'' by the PDO, as well as stratifying the extratropical response to ENSO by ''high'' and ''low'' PDO events (e.g., Gershunov and Barnett 1998) , may just reproduce an ENSO signal plus variations due to atmospheric noise. Again, such analyses may be particularly problematic during summer. Conversely, differentiating between the PDO and ENSO may still be of interest during spring (Alexander et al. 2002) , especially during post-ENSO years.
Consistent with earlier studies, the NPI results suggest that the atmospheric component of North Pacific decadal variability is weaker than the SST component. Why, then, are pronounced PDO signals found remotely over North America in drought (Barlow et al. 2001 ) and in climate proxies such as tree rings (Biondi et al. 2001; D'Arrigo et al. 2001 )? One possibility is that North Pacific SST is not the only variable that can be modeled in the form of (1). Other such ''climate integrators'' will correlate with the PDO simply because they too redden ENSO. For example, tree-rings and soil moisture both have anomalies with decorrelation times on the order of a few years (e.g., Fritts 1976; Huang et al. 1996) , so they could integrate ENSO forcing in a manner similar to, but not necessarily forced by, the North Pacific.
Finally, this work suggests that predicting the PDO may be directly related to the skill of forecasting ENSO. Given the 2-yr decorrelation timescale of the PDO and the possibility that ENSO may not be predictable beyond about 2 yr, so-called regime shifts of the PDO will not be apparent until years after they have occurred. For example, the recent long-term positive phase of the PDO may have simply resulted from the 1977-98 period being dominated by warm events in the Tropics, and the recent apparent ''change'' in phase of the PDO is an expected outcome of the cool tropical SST in the east Pacific of the last few years. Thus, with tropical SSTs having returned to warm conditions in 2002, the PDO has likewise become positive again. In the absence of a La Niña this year, the PDO may be expected to remain positive in 2004.
